The effects of tension on vortex-induced vibration (VIV) responses for a tension-dominated long cylinder with an aspect ratio of 550 in uniform flows are experimentally investigated in this paper. The results show that elevated tension suppresses fluctuations of maximum displacement with respect to flow velocity and makes chaotic VIV more likely to appear. With respect to periodic VIV, if elevated tension is applied, the dominant vibration frequency in the in-line (IL) direction will switch from a fundamental vibration frequency to twice the value of the fundamental vibration frequency, which results in a ratio of the dominant vibration frequency in the IL direction to that in the cross-flow direction of 2.0. The suppression of the elevated tension in the fluctuation of the maximum displacement causes the axial tension to become an active control parameter for the VIV maximum displacement of a tension-dominated long riser or tether of an engineering structure in deep oceans. However, the axial tension must be optimized before being used since the high dominant vibration frequency due to the elevated tension may unfavorably affect the fatigue life of the riser or tether.
Introduction
In the past two decades, a number of research efforts have focused on the behavior of the vortex-induced vibration (VIV) of elastically mounted rigid cylinders with one or two degrees of freedom. Comprehensive reviews on this topic for body-flow interaction are available in the literature, for example, Refs. [1] [2] [3] [4] . Recent studies have been devoted to understanding the vibration behaviors of long flexible cylinders undergoing VIV in water. This is stimulated by the development of engineering structures in deep oceans, such as deep sea platforms and submerged floating tunnels (SFTs) [5] . Such constructions are aimed at meeting the needs of oil and gas exploration and public transportation in the deep ocean.
As important components of deep ocean structures, cylindrically shaped long risers and mooring tethers will behave differently from elastically mounted rigid bodies when subjected to VIV. Their dynamic responses are characterized by multiple and high modes, high harmonics, and traveling waves in addition to standing waves [6] . Dual-resonant and nonresonant responses are also concerned [7] . The effects of the flow profiles of sheared and uniform flows [8] , Reynolds number [9] , mass ratio [10] , and suppression devices [11, 12] on the VIV responses of long, flexible cylinders have been investigated experimentally. However, the effect of tension applied in the axial direction of long, flexible cylinders to prevent large deflections in the in-line (IL) direction of the cylinders due to drag force is less understood. Sanaati and Kato [13] pointed out that axial tension might significantly affect the order of the excited harmonics in the cross-flow (CF) direction and the IL direction. Thus axial tension seems to play an important role in the dynamic behavior of risers or mooring tethers and is considered an efficient method for the active control of VIV.
Lee and Allen [14] noted that tensioned slender structures are classified into two types-beamlike (stiffnessdominated) and stringlike (tension-dominated) -by a dimensionless parameter, TL 2 /EI , where T is the tension, L is the structure length, and EI is the bending stiffness. If TL 2 is much greater than EI , then the structure is stringlike; otherwise, it is beamlike.
Gu et al. [15] investigated a model with an aspect ratio of 74.4, a mass ratio of 1.55, and a Reynolds number between 1950 and 19100 in stepped uniform flows. Six tensions were applied in the test, and the authors commented that the model was more like a beam rather than a string, where the bending stiffness played a more important role in the dynamic response of the model. We found that the values of TL 2 /EI corresponding to those tensions were 2.0, 3.0, 5.0, 7.1, 9.1, and 11.1.
Huera-Huarte and Bearman [16] studied another model with an aspect ratio of 94, a mass ratio of 1.80, and a Reynolds number in the interval [1200, 12000] in stepped uniform flows. In the experiment, five different tensions were imposed. The authors concluded that as the tension increased, the model started to behave like a tension-dominated structure. The values of TL 2 /EI corresponding to those tensions were 5.6, 13.0, 22.3, 31.7, and 41.0.
Sanaati and Kato [13] used a model with an aspect ratio of 200, a mass ratio of 1.0, and a Reynolds number between 900 and 14400 in uniform flows. The model experienced four different tensions. The corresponding TL 2 /EI values were 80, 147, 267, and 347. The authors commented that the model was tension-dominated. In their experiments, higher tension resulted in a smaller CF displacement amplitude and generated a narrower lock-in bandwidth.
The comments of the authors in the previously mentioned three papers allow us to infer that if the dimensionless parameter TL 2 /EI is larger than 30, the tensioned long and flexible cylinder would become a tension-dominated structure. Because the VIV responses of the models in the three aforementioned papers are similar to those of elastically mounted rigid bodies with one or two degrees of freedom, it is necessary to further investigate the effect of tension on tension-dominated long and flexible cylinders. The effects of tension on the characteristic responses of tension-dominated long and flexible cylinders are more complicated.
In this paper, a model with an aspect ratio of 550, a mass ratio of 1.50, and a Reynolds number in the interval [600, 9000] was experimentally studied to explore the effect of axial tension on the VIV responses of tension-dominated long and flexible cylinders in uniform flows. The tension values are 10, 50, and 75 N. The corresponding TL 2 /EI values are 30.4, 152.2, and 228.3. Obviously, the experimental model is tension-dominated. Research results show that the fluctuation in the maximum displacement with respect to the flow velocity is suppressed and the high dominant vibration frequency is excited as the tension increases. Thus, imposing a large axial tension is an efficient method for the active control of the VIV maximum displacement of a tension-dominated long riser or tether. However, a high dominant vibration frequency due to the large tension may unfavorably affect the fatigue life of the riser or tether. Therefore, the axial tension must be optimized when it is used as an active control parameter for the VIV maximum displacement of a tensiondominated long riser or tether.
Experimental setup
The experiment was carried out in a towing flume with a length of 29.0 m, a width of 4.5 m, and a depth of 4.0 m (Fig. 1a) . As shown in Fig. 1b , the tested model was mounted on a towing car by universal joints. With such joints, the tested model has zero displacement and bending moments at both ends in all directions. The state of uniform flows was attained by having the towing car move forward or backward in the flume at a controllable and constant speed. One end of the tested model was connected by a cable, and using pulleys, the cable was hung with a steel weight inside a weight sleeve.
With this setup, the tested model was tensioned.
An aluminum pipe with a circular cross section was used as the experimental model. Its length was 3.31 m, its outer diameter was 6 mm, and its inner diameter was 4 mm. For each axial tension, the uniform flow velocity was varied from Mass ratio m * -1 . 5
Reynolds number Re -600-9000 0.1 to 1.5 m/s, with an increment of 0.1 m/s. Table 1 
Data analyses
The maximum displacements along the axial direction of the model, the vibration frequencies, and the type of steady state of the vibration were derived from the measured strain signals.
Displacement analysis
The time series of the displacement of the model were extracted using the method in Refs. [8, 17] . This method is based on the assumption that the displacement of a vibrating structure can be treated as the linear combination of a series of eigenfunctions of modes. By supposing that the eigenfunctions are sinusoidal or could be approximated as sinusoids, the vibration displacement u (x, t) of the tested model takes the following form
where w 1n (t) is the nth modal weight of the displacement at time t. According to the strain-displacement relationship of Euler-Bernoulli beams, the strain of the tested model is expressed as
where y is the distance from the neutral axis on the cross section of the tested model to the measured strain point. In this experiment, y = d 1 /2. w 2n (t) is the n-th modal weight of the curvature at time t. The relationship between w 2n (t) and w 1n (t) is
We discretize Eqs. (1)- (3) in time and space and make the mode number finite. Then the discrete time series of displacement at each sensor can be calculated from the measured strain signals. Root mean squares (RMSs) of the time series of displacement at each sensor are then computed. The spatial maximum displacement is taken from the group of 20 RMS data in each direction. Because there may be a phase difference between the spatial maximum displacement in the CF direction and that in the IL direction, the total displacement is of great interest. Its time series was computed by
where k is the discrete time of k = 0, 1, 2, . . . Then the square percentages of the CF and the IL displacements in the total displacement at time k are defined as
where
The values of the spatial maximum RMS of the total displacement are computed and the square percentages of the two vibration directions in the maximum mean squares (MS: square of the RMS) of the total displacement are given by p CF and p IL , respectively. p CF and p IL are the temporal mean values of the time series defined by Eqs. (5) and (6) at each sensor location. p CF and p IL are the spatial mean values with respect to the sensor locations.
Frequency and LLE analyses
A fast Fourier transform (FFT) was applied to the discrete time series of displacement to obtain the frequency spec-trums. The spatial mean values of the frequency spectrums with respect to the sensor location were given.
The largest Lyapunov exponents (LLEs) were analyzed for the total displacement signals, of which the frequency spectrums were found to be wideband and random. This is because chaotic responses may occur in such situations. Lyapunov exponents are indices for describing the sensitivity to initial conditions in a dynamic system. The chaotic attractor of a dynamic system has wideband random frequency spectrums and is sensitive to initial conditions. Its two trajectories with nearby initial conditions will diverge, on average, at an exponential rate characterized by a positive LLE [18] . Therefore, a positive LLE is sufficient to diagnose chaos in a dynamic system. The method extracting LLE from a time series is based on the reconstruction of phase space. The algorithm used in this paper is described in Refs. [19, 20] . Rosenstein et al. [19] proved that the algorithm employed to obtain LLE is reliable for small data sets, and it is fast and easy to implement. Figure 2 shows the results of the spatial maximum displacement. Column a shows the results for the case of 10 N, whereas columns b and c are for the cases of 50 and 75 N, respectively. The first row gives the spatial maximum RMS of the CF and IL displacements normalized by the outer diameter of the tested model, the second row illustrates the spatial maximum RMS of the total displacement normalized by the outer diameter, and the third row shows the square percentages of the two directions in the spatial maximum MS of the total displacement.
Results

Maximum displacements
As shown in the first row, the maximum IL displacements have values close to the maximum CF displacement in most cases. When the tension increases, the maximum IL displacements in all tested flow velocity cases tend to drop to values no larger than the maximum CF displacement; in addition, with tension increases, the fluctuation of curves showing the relationship between the maximum displacement and the flow velocity in both CF and IL directions is suppressed. The maximum total displacement (second row) seems to show a trend that is similar to the maximum CF displacement when the flow velocity increases. The greater tension also results in a curve with relatively small fluctuations. The square percentage in the CF direction is always higher than that in the IL direction as the tension increases. Small changes in the square percentage with the flow velocity in both the CF and IL directions for higher tensions are present in the third row of Fig. 2 . By averaging the square percentages with respect to the flow velocity, the mean values of the square percentage fluctuating with the flow velocity are obtained. As shown in Table 2 , the square percentage in the CF direction is higher in the elevated tension cases (50 and 75 N, of which the dimensionless parameters TL 2 /EI are one order of magnitude greater than that of 10 N), which implies that the square percentage in the IL direction is lower in the same cases. That is to say, from a probabilistic point of view, the percentage of the CF displacement in the maximum total displacement is higher if greater tensions are imposed, and the percentage of the IL displacement in the maximum total displacement is lower. Note that the maximum RMS of the displacement in the CF and IL directions approximately reached a value of 3d 1 and 2d 1 , respectively. These values were never obtained in existing VIV studies. It is suggested that such high values of the maximum RMS of the displacement resulted from the small value of TL 2 /EI . As shown in Fig. 2 , the values of 3d 1 
Vibration types
Spectrums are categorized into three types based on the spatial mean frequency spectrums of the total displacement signals. Figure 3 presents examples of these types; the figure shows the results in the case of 10 N. The flow velocities in Fig. 3a-c are 1.4 , 0.1, and 0.7 m/s, respectively. As shown in Fig. 3a , Type I is the frequency spectrum that only includes several isolated peaks, indicating that the VIV response of the tested model is periodic and features multiple frequencies. Type II is a wideband spectrum with several peaks where the corresponding frequencies are multiples of one another. As shown in Fig. 3b , the first peak frequency is 3.2 Hz, whereas the second one is 6.4 Hz, that is, twice the first one, and the third is 9.2 Hz, that is, approximately three times the first one. Type III is another kind of wideband spectrum, in which many peaks prevail, and they seem to be randomly distributed, as in Fig. 3c .
It is speculated that a chaotic response may emerge in Type III cases, so the LLE is calculated for those cases; the results are presented in Table 3 , which shows that all LLEs are positive. Thus, it is concluded that the VIV responses with the frequency spectrum of Type III are all chaotic. Figure 4 displays the types of frequency spectrums of the total displacement for all cases. In the case of 10 N, a chaotic response appears only in one flow velocity case, while in the cases of 50 and 75 N, such a response is observed in three flow velocity cases. It is concluded that in cases with elevated tension, a chaotic response appears in more flow velocity cases, implying that a chaotic response is more likely to appear in cases of the elevated tension.
Vibration frequencies
The peak frequencies of the periodic responses and those with Type II spatial mean frequency spectrum are plotted in Figs. 5-7, which respectively show the results in the CF, IL, and total directions. In Figs. 5-7, panel a presents the results of the case of 10 N; panels b and c illustrate the results of the cases of 50 and 75 N, respectively. Note that the smallest peak frequency in the CF direction here is defined as the fundamental vibration frequency, symbolized by ×.
As indicated by Fig. 5 , the dominant vibration frequency (the energy is the largest) in the CF direction is generally 1× in all tension cases. A frequency of 2× also prevails in the CF direction and seems to be dominant at high flow velocities. A frequency of 3× is observed at some flow velocities in the CF direction. However, the energy of a frequency of 3× is obviously the smallest in the spectrum. Tension does not disrupt this kind of trend. In the IL direction, as shown in Fig. 6 , the dominant vibration frequency is likely to switch from 1× to 2× as the tension increases. That is to say, for the elevated tension cases, a frequency of 2× becomes dominant and more important. Thus the ratio of the IL dominant vibration frequency to the CF dominant vibration frequency equals 2.0.
In practice, the vibration behaviors of the tested model will agree with those shown by the total displacement, not just those coming from CF and IL components. Therefore, peak frequencies in the total displacement signals are also shown. As illustrated in Fig. 7 , the frequency spectrum from the total displacement signal is more abundant than that from just the CF component and the IL component. In addition Solid circles, which are in the deepest color, indicate that the energy of the corresponding frequency is the largest in the spectrum, whereas the second deepest color indicates that the energy of the corresponding frequency is no less than 50 % of the largest, and the lightest one is the case where the energy of the corresponding frequency is less than 50 % of the largest. Dash-dotted lines represent the Strouhal frequency ( f st ) and its multiples (2 f st , 3 f st ) versus flow velocity, where the Strouhal number was considered to be 0.17 10 N, b 50 N, c 75 N . Solid triangles, which are in the deepest color, indicate that the energy of the corresponding frequency is the largest in the spectrum, whereas the second deepest color indicates that the energy of the corresponding frequency is no less than 50 % of the largest, and the lightest one is the case where the energy of the corresponding frequency is less than 50 % of the largest. Dash-dotted lines represent the Strouhal frequency ( f st ) and its multiples (2 f st , 3 f st ) versus flow velocity, where the Strouhal number was considered to be 0.17 to frequencies of 1× and 2×, frequencies of 3× and 4× appear in the total spectrum. In the low-tension case (10 N), the dominant vibration frequency in the total spectrum scatters at frequencies of 1×, 2×, and 3× within the low flow velocity region from 0.1 to 0.8 m/s, while the distribution converges at a frequency of 2× within the high flow velocity region from 0.9 to 1.5 m/s. Conversely, for high-tension cases (50 N, 75 N), the dominant vibration frequency converges at a frequency of 2× within the low velocity region, whereas within the high flow velocity region, it scatters. For the case of 50 N, it scatters at frequencies of 1×, 2×, and 3×. For the case of 75 N, it mainly scatters at frequencies of 2×, 3×, and 4×, and the dominant vibration frequency is more likely to jump to a frequency of 4×. This implies that if elevated tension is applied, it is much easier for the large peak frequencies in the total spectrum, such as 3× and 4× in this paper, to become dominant vibration frequencies at high flow velocities.
As described earlier, the dominant vibration frequency is a multiple of the fundamental vibration frequency. Therefore, the fundamental frequency is a quantity that is essential for identifying the dominant vibration frequency. Thus, it is of great interest in which parameters determine the fundamental vibration frequency. Figure 8 shows the fundamental vibration frequency versus flow velocity for all tension cases. As indicated, the fundamental vibration frequencies are not completely in accordance with the Strouhal frequencies (the Strouhal number is 0.17). In several cases, they are deviated from the Strouhal frequency values and have a stepped increase as the flow velocity increases, which is similar to the case given in Ref. [21] . It is also observed that the fundamental vibration frequencies are affected by the natural frequencies of the tested model and, thus, by tension. The natural frequencies are computed using the following equation:
where the order n = 1, 2, . . ., and the mass m is the sum of the structural mass and the added mass (an added mass coefficient of 1.0 is applied). According to Eq. (7), when the tension increases, the natural frequencies increase. Thus, the intersection points between the natural frequency lines, and the Strouhal frequency line moves in the direction of increasing flow velocity. The fundamental vibration frequencies, as illustrated in Fig. 8 , change their values in the upper right shift of the intersection points. Take a flow velocity of 0.6 m/s as an example. In the case with the tension being 10 N, the fundamental vibration frequency is 15.6 Hz, which is between the Strouhal frequency of 17.0 Hz and the third natural frequency of 13.8 Hz. However, in the tension case of 50 N, with the third natural frequency being 19.6 Hz, and the tension case of 75 N, with the third natural frequency being 22.5 Hz, the fundamental vibration frequency becomes 16.4 and 17.6 Hz, respectively. These fundamental vibration frequencies are more likely to agree with a Strouhal frequency of 17.0 Hz, where the third natural frequency is higher but the second natural frequency is not high enough to affect the fundamental vibration frequency. A similar situation is found at a flow velocity of 1.4 m/s. In this case, the point where the fifth natural frequency line intersects the Strouhal frequency line moves to the upper right as the tension increases. The only difference is that for the case of 75 N, the fourth natural frequency is high enough to affect the fundamental vibration frequency and causes it to decrease to 34.8 Hz, which is close to the fourth natural frequency, 33.1 Hz.
Conclusions
The effects of tension on the VIV responses of a tensiondominated long and flexible cylinder in uniform flows were experimentally investigated. The following conclusions are drawn.
As the tension increases, the maximum IL displacement tends to drop to values no larger than the maximum CF displacement at all tested flow velocities. Fluctuations in the maximum displacement with respect to the flow velocity in both the CF and IL directions diminish. The maximum total displacement follows the trend of the maximum CF displacement when the flow velocity changes. For high-tension cases, the percentage of IL displacement in the maximum total displacement is reduced, implied that IL displacement is less important than CF displacement when high tension is imposed.
Three types of frequency spectrum are found in all total displacement signals: (1) spectrum with several isolated peaks (Type I), (2) wideband spectrum with several peaks that are multiples of one another (Type II), and (3) wide-band spectrum with random distributed peaks (Type III). It is quantitatively proved by the LLE that the vibration response with the Type III frequency spectrum is chaotic. High tension seems to make it much easier for a chaotic response to emerge.
With respect to the periodic responses and those with a Type II frequency spectrum, the effect of tension on the dominant vibration frequency in the CF direction is not significant, whereas high tension may switch the dominant vibration frequency in the IL direction from a fundamental vibration frequency to a frequency that is twice the fundamental vibration frequency. As a result, the ratio of the IL dominant vibration frequency to the CF dominant vibration frequency becomes 2.0. The higher peak frequencies existing in the total spectrum probably become the dominant vibration frequencies at high flow velocities if the elevated tension is applied. The fundamental vibration frequencies are affected not only by the flow velocity but also by the tension.
